Resistive switching characteristics of a TiO 2 Resistive Random Access Memory (ReRAM) have been investigated using conductive Atomic Force Microscope (AFM) with carbon nanotube (CNT) probes. The resistive switching showed bipolar ReRAM behaviors when voltages with extremely low switching currents in the order of pico-amperes were applied. This result is highly promising to realize extremely low power consumption ReRAMs with vertically contacted CNT electrodes. We also fabricated TiO 2 ReRAMs using CNT via interconnects as vertically contacted electrodes and obtained the resistive switching characteristics of the device.
Introduction
Resistive Random Access Memories (ReRAMs) are promising candidates as next-generation nonvolatile memories, because of their superior scalability due to their simple metal-insulator-metal structures. However some issues still remain to be addressed regarding power consumption such as the large set/reset currents. To use ReRAMs as a back-end-of-line (BEOL)-based memory with low power consumption logic LSIs as shown in Fig. 1 , it is important to lower the power consumption of the ReRAM itself.
In the case of conventional TiO 2 ReRAMs, it was reported that the current flows through several local filaments in the TiO 2 layer and the diameter of individual filaments is the range of a few nm to 100 nm [1] . Therefore the large contact area of electrodes can cause increase in power consumption and resistive switching instabilities because of the formation of several filaments as shown in Fig. 1 (b) . For this reason, it is important to shrink the dimensions of the electrodes for decreasing the number of filaments [2] .
However, it is difficult to form nm-sized electrodes, which are the same size as the filaments, and nm-sized electrodes create resistance problems [3] . Considering these points, vertically contacted CNTs are an ideal material for the fabrication of the electrodes in ReRAMs because of their nm-sized diameter, low resistance, and high current carrying capabilities. It is easy to construct CNT as electrodes because CNTs can be grown vertically on the substrate [4] .
In this study, we used CNT probes for AFM [5] to investigate the characteristics of one CNT electrode in a TiO 2 ReRAM. The characteristics were measured in the conductive AFM mode with various applied voltages and the high speed properties were investigated using a pulse voltage.
Experimental
Figure 2 (a) shows the schematic diagram of the set-up for ReRAM using AFM (SII S-image and JEOL JSPM-5400) with a CNT probe (5 nm in diameter and 100 nm in length). We deposited Ti (100 nm thick) and TiO 2 (10 and 30 nm thick) layers on the Si substrate by thermal sputtering. Metal probe were Rh coated probes, thickness of Rh were 30 nm. The AFM measurements were contact mode and a negative voltage was applied to the substrate. The maximum current was 10 nA because of amp limitation and the measurements were carried out in vacuum. Fig. 2 (b) shows the current-voltage characteristics at a fixed point on the substrate using the CNT probe. We could see resistance changes at minus voltages, but no change at about -2.0 V; therefore -2.0 V was selected as the reading voltage. The device switches from the high resistance state (OFF state) to the low resistance state (ON state), which is the set operation, by scanning at -5.0 V with about 500 pA. Switching from the low resistance state to the high resistance state (the reset operation) starts at +2.0 V with about 5-50 pA. The resistance switching showed like a bipolar behavior, however no resistance change occurred for a positive voltage. The ratio of the ON/OFF at -2.0 V is of about 200, which is lower than that of conventional TiO 2 ReRAMs. This is because the CNT resistance and also the contact resistance between CNT and the AFM cantilever are still high in the measurement system we used. Fig. 3 (a) shows the conductive AFM image scanned at -2.0V (reading voltage), after scanning at -5.0 V (set operation voltage). Some dark parts are the low resistance (set) regions converted by set operation. Figure 3 (b) shows the conductive AFM image at -2.0 V, after scanning the Fig.  3(a) sample at +2.0 V (reset voltage). Almost the low resistance regions convert to high resistance, confirming that the reset operation occurred. Thus, both set and reset operations were obtained by applying voltages with pico-ampere currents, and in particular, the reset operation, which generally develops by thermal transitions due to large currents, occurred at a few pico-amperes. Figure 4 shows the resistive switching using a pulse voltage, whose shape is shown in Fig. 4 (a) . The pulse voltage was maintained at 5.0 V for 900 ns and the voltage up and down time was 100 ns, with a half-width value of 1 s. The set/reset operations were carried out using AFM with the pulse/inverse pulse voltages at1 kHz. Fig. 4 (b) shows the conductive AFM image of set condition using the Rh coated probe. The resistance change occurred in places which were easy to convert to low resistance. Reset operation was carried out by inverse pulse for Fig. 4 (a) . Experiments using shorter pulses will be carried out in the future. Fig. 5 shows a process flow of device fabrication. TiO 2 was deposited after CNT growth, because no thermal budget was allowed for TiO 2 . SiO 2 isolator was formed on the CNT growth substrate by the spin on glass (SOG) technique. Chemical Mechanical Polishing (CMP) was carried out to cut the top of the CNTs. TiO 2 and Ti (top electrode) were deposited by sputtering on open-cap CNTs. The SEM image of a CNT bundle is shown in Figure 6 (a), and Figure 6 (b) shows the current-voltage characteristics of the TiO 2 film using the CNT bundle electrodes. The resistance was low at -7.5 V and high at -10.0 V; this resistive switching exhibits unipolar behavior. Moreover, the resistance was instable above about 12 V. We infer that each CNT in the bundle individually converts between a low and high resistive phase, and to obtain the required properties, this has to be controlled.
Results and Discussion

Conclusions
ReRAM characteristics of TiO 2 thin films with vertically contacted CNTs electrodes have been investigated using conductive AFM. Set and reset operations were carried out by applying voltages with pico-ampere currents. These results show a possibility to reduce the power consumption of ReRAMs.
